Abstract-In this paper, we propose and demonstrate the use of multilayered (laminated) waveguides for increasing the available gain spectrum of sol-gel amplifiers. Experimental investigations of the effects of phosphorus codoping on the amplifier spectral characteristics and fluorescence decay are also presented. We demonstrate that the shape of the erbium emission cross section, for aluminophosphosilicate amplifiers, has a minor dependence on the amount of phosphorus doping and that spectral benefits are only achieved for aluminosilicate amplifiers, albeit with low levels of erbium inversion. Laminated amplifiers, consisting of alternating layers of two compositions, are shown to display novel spectral characteristics that cannot be obtained by the use of single composition cores. Internal gain, which is demonstrated for this device, also suggests that erbium inversion can be maintained at relatively high levels. Experimental results are supported by numerical analysis, and a 20-nm bandwidth increase is observed for laminated amplifiers, with gain levels up to 1.4 dB/cm indicated, when processing conditions are optimized.
I. INTRODUCTION

S
ILICA-ON-SILICON components have achieved wide deployment in the field of integrated optics, due to their low propagation losses and low polarization dependences. The need for active components, which could compensate for the losses introduced in planar optical circuits, has prompted significant research efforts toward the realization of erbium-doped waveguide amplifiers (EDWAs) [1] - [5] . A few techniques have been proposed for erbium incorporation in optical waveguides, with various degrees of success in terms of net gain per unit length. For wavelength division multiplexing (WDM) network applications, however, high levels of net gain need to be combined with a broad amplification spectrum, which is a key issue for increasing the overall capacity of the system.
For erbium-doped fiber amplifiers (EDFAs), the effects of glass composition on gain spectrum have been extensively investigated. The most common composition is aluminum and germanium codoped silicate glass, which results in a fullwidth at half-maximum broadness (FWHM) of 50-60 nm [6] . Telluride-and fluoride-based fibers have also been proposed, which increase the available spectrum to 70-80 nm [7] - [9] . A number of techniques based on Bragg gratings [10] and optical filters [11] are also used to achieve spectral flatness and gain equalization across the channels in the available spectrum.
The high erbium concentration required for EDWAs, as well as the need for integration with existing passive components, significantly reduces the flexibility of dopants and glass types that can be used for this purpose. Moreover, space limitations in planar optical circuits make equalization techniques more difficult to apply than in the fiber case. Efficient ways of increasing the EDWA bandwidth while maintaining high levels of erbium inversion are therefore required.
It is known that phosphorus codoping increases the amount of erbium that can be incorporated in the glass network before precipitation occurs [12] - [14] . For this reason, the highest levels of gain to date have been reported for phosphate-glassbased waveguides [1] , [4] , [5] . Large amounts of phosphorus doping were also required to achieve net gain levels of about 1 dB/cm in waveguide amplifiers based on the sol-gel glass fabrication method [15] . In all the above devices, however, the erbium emission spectrum is below 20 nm FWHM, in contrast to 60 nm typically displayed for EDFAs [5] .
In this paper, we investigate the effects of phosphorus in the amplifier spectrum and fluorescence decay characteristics. We show that a mere reduction in the levels of phosphorus doping does not produce beneficial effects for the amplifier's spectral performance. Such effects were only achieved for sol-gel aluminosilicate amplifiers. Subsequently, we show that such amplifiers demonstrate good guiding properties and relative gain levels of ≈1.5 dB/cm. However, while these results represent an improvement compared with previous reports on similar compositions [16] - [18] , positive net gain has not yet been achieved.
The improved performance was attributed to optimization of the processing conditions, which was carried out for sol-gel waveguide amplifiers. In particular, we focus on minimizing the device exposure to high temperatures, which have been consistently shown in the past to induce erbium clustering [19] , [20] . The experimental techniques developed for this purpose are described in detail in this paper.
A novel multilayered (laminated) device is then investigated as a way to combine the spectral characteristics of different host glass compositions and, in particular, to achieve positive net gain as well as spectral broadening. The sol-gel method is particularly well suited for fabricating such laminated structures. Experimental measurements on amplifiers consisting of alternating layers of aluminophosphosilicate and aluminosilicate compositions are presented, and it is shown that spectral benefits that cannot be achieved by the use of single core compositions are demonstrated for this device. 
II. DEVICE FABRICATION
One of the main advantages of sol-gel is the fact that various codopants can be easily introduced in the silica network. This feature can be exploited to successfully fabricate EDWAs, as has been demonstrated in the past for aluminophosphosilicate glass host compositions. Evidence of sol-gel metastability [19] suggests that further compositions may be investigated.
The buffer layer for the waveguides under investigation was a 14-µm-thick thermally grown oxide on a (100) Si wafer. The active core layer was subsequently deposited by spin coating deposition of sol-gel films. In order to avoid stressinduced cracking, the thickness of each individual layer was 0.1-0.2 µm, and each deposition was followed by rapid thermal annealing (RTA) at an appropriate temperature, depending on the glass composition [21] . The RTA step was optimized in order to minimize the maximum temperature exposure while maintaining a stress-free film. The process was iteratively followed to achieve a total of 4-µm core layer thickness for each composition. Recently, aluminophosphosilicate sol-gel amplifiers have been reported in which the core can be deposited by a single step [22] . However, a high consolidation temperature (1150
• C) was needed, and net gain has yet to be achieved by this method.
The glass host compositions under investigation are given in Table I , whereas the critical RTA temperature required for thick film deposition is given in Fig. 1 . It has been shown, by means of X-ray diffraction measurements, that temperatures above 1000
• C tend to induce crystallinity centers in erbiumdoped films [23] . For this reason, waveguide amplifiers were not fabricated from TH2 composition. Instead, a laminated core was deposited, consisting of alternating 0.2-µm layers of compositions TH1 and TH4, giving an average composition whose properties could not be easily reproduced by varying the phosphorus content of a single layer composition. A schematic diagram of this device is shown in Fig. 2 .
Subsequent to core deposition, a consolidation step is required to eliminate the porosity of the film. Various studies have revealed that prolonged exposure of erbium-doped films to high temperatures greatly reduces the levels of erbium homogeneity [19], [20] . To determine the appropriate conditions required for this step, the following experimental process was followed. First, single layer films of ≈120 nm thickness were spun on silicon substrates for TH1 composition. This composition was used as a reference, since phosphorus-doped glasses have been shown to have lower melting and reflow temperatures [24] . After spin coating, the silicon wafers were cleaved into pieces of a size appropriate for ellipsometry measurements. The various pieces were then consolidated at temperatures from 900
• C to 1050 • C and for times ranging between 5 min and several hours. The ramping time of the furnace was approximately 1 h. Film consolidation was performed in a neutral argon atmosphere with a 6 l/min argon flux.
The film thickness and refractive index were determined for each sample using ellipsometry at 632.8-nm wavelength. By measuring in wet and dry atmospheres, such that the pores are filled with water or air, respectively, film porosity can be calculated using the Lorentz-Lorenz relation [25] - [27] , i.e.,
where n f , n s , and n p are the film, pore, and skeleton indexes, respectively, and v p is the fractional porosity. The film refractive index and thickness reach a steady-state value as consolidation times increase, and porosity is gradually eliminated [27] . After this point has been reached, excess annealing can only have detrimental effects by further inducing erbium clustering [19] . We therefore define optimum consolidation times as the minimum required to achieve negligible porosity and a constant film refractive index. These are shown in Fig. 3 as a function of temperature. The consolidation conditions followed for all four samples were 1000
• C/15 min. These results indicate that significant reduction from previously used consolidation times is possible.
The patterning of the core layer was done by dry etching in a Plasma 80 Lab, Oxford Instruments reactive ion etcher. Due to the low etch rates of the multicomponent glass and the small feature size (3-6 µm wide waveguides), the mask used was a combination of a Cr layer (2000 Å) and a 200
• C hardbaked photoresist. To avoid reflow of the resist, patterning of the hard-baked layer was done by O 2 plasma etching rather than by photolithographic development. An SEM image of the cross section of the laminated amplifier core is shown in Fig. 4 . Finally, a 12-µm-thick cladding layer of borophosphate silicate glass, with refractive index to match that of the thermal oxide, was deposited by plasma enhanced chemical vapor deposition (PECVD).
III. SINGLE COMPOSITION AMPLIFIERS
Aluminosilicate amplifiers displayed excellent guiding properties. The refractive index of the core was measured to be 1.48 at 632.8-nm wavelength. The index difference between core and cladding is approximately 1.5%, suggesting a good confinement of the fundamental amplifier mode in the waveguide core. The core cross sections of the waveguides reported here are all 4 × 4 µm, but similar results were observed for 3-, 5-, and 6-µm-wide cores (all of 4-µm height). The propagation (background) losses were measured via the cutback method to be on the order of 0.3 dB/cm, whereas the coupling losses to single-mode fiber are estimated to be 0.1-0.2 dB/facet.
The aluminophosphosilicate amplifier cores displayed significantly lower refractive indexes, which is most probably due to the different sol preparation route followed for these compositions. The index difference was 0.3% for compositions with 5% P 2 O 5 content and 0.7% for compositions with 10% P 2 O 5 doping. In this case, the 14-µm-thick buffer layer was not enough to prevent optical power leaking to the high index silicon substrate, and the losses measured for this composition were above 5 dB/cm. Moreover, the losses were linearly increasing with wavelength, suggesting a nonscattering loss mechanism.
Measurements of the amplified spontaneous emission (ASE) spectra were possible for all compositions. Moreover, previously fabricated amplifiers of TH4 composition [19] on 19-µm-thick thermal oxide buffer layers, whose background losses were lower than 0.2 dB/cm, allow us to make a comparison between aluminosilicate and aluminophosphosilicate amplifiers. In Fig. 5 , we can see the absorption spectrum of the two compositions, measured with an erbium broadband source and a spectrum analyzer, for 2-cm-long amplifiers. In the same graph, the maximum erbium emission can be seen for pump power levels as high as 180 mW.
In order to make an estimate of the absorption cross sections of the two compositions, one can rely on the evolution equation for signal power [6] , i.e.,
where σ a,e are the absorption and emission cross sections, ψ is the normalized mode profile, and ρ is the erbium doping profile. The population densities of the ground and metastable levels are denoted by N 1 and N 2 , respectively. In our case, the erbium doping is constant and confined in the waveguide core.
In the absence of the pump, the erbium populations N 1 and N 2 are constant over the entire amplifier length, and (2) can be integrated to give
where G is the maximum erbium absorption, L is the total amplifier length, η is the degeneracy factor (the ratio of emission and absorption cross sections at the specific wavelength), and Γ is a confinement factor denoting the fraction of the total mode power that is in the core. With no pump, one can assume that all ions are at the ground level. As aforementioned, the amplifier length was 2 cm, and the erbium concentration was about 1.1 × 10 26 ions/m 3 . From Fig. 5 , one can conclude that the peak erbium-induced absorption is 5.2 and 3.25 dB for TH1 and TH4 compositions, respectively. The confinement factor Γ was calculated to be 0.92 for TH1 and 0.83 for TH4 composition by means of the Method of Lines [31] , which is described in more detail in Section IV. Using (3), we can calculate that the peak absorption cross section for the aluminosilicate composition (TH1) is σ a = 6. [5] , which is a value still somewhat higher than that we obtained for sol-gel amplifiers with high phosphorus content. Though the different final compositions and fabrication routes followed in the two cases could account for the observed difference in the cross sections, it is possible that uncertainty in the measurement of the total erbium concentration could (at least partly) be responsible. An additional likely source of error is the use of refractive indexes measured at 633 nm rather than 1550 nm. It should also be noted that the value of the total erbium concentration for both compositions was inferred from the stoichiometry of the initial solutions. Energy dispersive X-ray measurements performed on the amplifier cross sections revealed the presence of rare earths in the waveguide cores; however, quantitative comparisons could not be made between the two waveguides with any precision.
Estimation of the emission cross section requires knowledge of the degeneracy factor. Even though this varies significantly according to glass host, it is reported that for aluminum and phosphorus codoped compositions, η is close to unity [6] at the maximum absorption wavelength. By making this assumption, one can also calculate the levels of erbium inversion for each composition.
By making use of (3) and making straightforward calculations, one can derive the following equation for the population of the erbium metastable level:
where G a and G e are the gain levels with and without pump, respectively, and N tot is the total erbium doping. Using (3), we can calculate that TH1 composition has 25% erbium inversion, whereas TH4 has approximately 83%. It is possible that phosphorus codoping reduces the erbium cross sections significantly, thus reducing the maximum achievable gain of a waveguide amplifier. However, it is clear from Fig. 5 that the levels of erbium inversion are not sufficient in this case for net gain to be reached. This is probably due to low levels of homogeneity of the erbium ion environment. A potential increase of the aluminum content of aluminosilicate compositions to 5%-7.5% could, however, assist in the dissolution of clusters [13] , [28] and result in similar homogeneity levels to those in TH4 composition. In this case, the levels of net gain that could be expected are on the order of 1.5-2 dB/cm, which are significantly higher than those so far observed for aluminophosphosilicate amplifiers.
For a close examination of erbium homogeneity, the fluorescence decay of the two compositions was measured and is shown in Fig. 6 . These measurements were performed by mechanically modulating the pump laser signal through a chopper. The maximum available pump power through this configuration was about 100 mW due to the losses of the lens-chopper-lens system. The switch-off time for the pump in these measurements, which is calculated to be less than 0.5 ms, sets a limit to the phenomena that can be measured by this experiment. However, this limit is small enough to ensure accurate determination of the metastable level lifetime, as well as cooperative upconversion mechanisms. To ensure more uniform pumping through the waveguides, we used 1-cmlong guides of TH1 and TH4 compositions. The timedependent fluorescence of the amplifier was measured by a Ge detector, after being filtered through a high-pass filter to reduce noise from the residual pump.
Contrary to what was expected, a slower decay was observed for the aluminosilicate amplifiers. However, this is most probably due to the fact that the large fraction of clustered ions is not sufficiently inverted for their fluorescence to be observed. For this purpose, the levels of pump power required are on the order of a few watts [29] . Furthermore, phenomena related to erbium clustering might be considerably faster than can be measured in this experiment, which is limited by both pump switch-off time and the bandwidth of the photodetector. The lifetime of the metastable level, however, can be estimated from Fig. 6 to be on the order of 6.5 ms for TH1 and 8 ms for the TH4 composition, which is comparable to other values reported in the literature for silicate hosts [6] , [15] , [30] - [33] . It should be noted that the results of the lifetime measurements have a dependence on the signal-to-noise ratio in the detector, which is a fact that reduces their accuracy significantly. A direct comparison of measurements is therefore difficult, since the experimental error is estimated to be on the order of 2 ms.
The emission spectra of all three single core compositions have been inferred from the ASE spectra, which have been measured in the absence of signal power. In order to minimize the error, which might be caused by ASE absorption and reemission along the waveguide, the spectral dependence of the emission cross sections has been determined for 1-cm-long amplifiers. The normalized emission cross sections of all three compositions are presented in Fig. 7 . It is clear that phosphorus doping reduces the breadth of the amplifier's spectrum from 55 to 18 nm: a reduction that is detrimental for the capacity of WDM networks. Reduced levels of phosphorus doping have negligible effects on the erbium emission cross section. One can therefore conclude that even though phosphorus assists in the dissolution of clusters, as is demonstrated through spectroscopic and fluorescence decay measurements, it reduces both spectral broadness and the peak value of erbium cross sections.
We can conclude that even though a single core composition suggests itself as a way to create amplifiers with new spectral properties, this may not be practically possible. Consequently, we propose here and demonstrate that multilayered devices provide a feasible route to successfully combine the spectral properties and benefits of different host glass compositions.
IV. LAMINATED AMPLIFIERS
The laminated amplifier that was fabricated consists of alternating individual layers (0.2 µm thick) of aluminosilicate (TH1) and aluminophosphosilicate (TH4) compositions. The total height of the core was 4 µm, and the width of the waveguides was 6 µm. The waveguides were patterned on a 14-µm-thick thermal oxide. The high index of the aluminosilicate composition improves the mode confinement, thus significantly improving the guiding properties of the device. The confinement factor in this case is calculated to be 0.89. Cutback measurements on laminated amplifiers showed propagation losses of approximately 1 dB/cm. Most of this is due, as in the case of aluminophosphosilicate amplifiers, to power leakage into the silicon substrate. Coupling losses to single-mode fiber are estimated to be on the order of 0.3 dB/facet. The amplifier internal gain for different pump powers is shown in Fig. 8 for a 1-cm-long waveguide. Evidence of erbium ion inversion is visible in this case, suggesting that net gain could be achieved with better control of the cladding and buffer properties.
The emission cross section of erbium ions is usually characteristic of the glass host composition. In the case of the laminated amplifier, where layers of different compositions are used, one can infer an effective emission cross section from the ASE spectrum of the amplifier, as in the case of single composition cores. In Fig. 9 , we can see the emission cross sections of the laminated amplifier as well as that of the aluminophosphosilicate amplifier. An increase of 4-5 nm in the available spectrum is observed, which could not be achieved by means of a single core composition, as previously demonstrated. A lower index cladding and buffer would help to further improve the performance and give better insight into the characteristics of this device.
The above results demonstrate that layered structures can, in principle, successfully combine the spectral characteristics of different compositions. It is, however, evident that higher inversion is required to achieve useful net gain. This could be achieved by improving the performance of aluminosilicate compositions and by further optimizing the waveguide design in order to minimize the background losses, which, in this case, are high. This can be achieved by increasing the ratio of aluminum to rare earth ions in the composition, which has been known to improve the performance of Nd-doped waveguide amplifiers [13] but has also been theoretically predicted [28] . It should also be pointed out that the actual ratios of the individual layers of a laminated amplifier could act as an additional degree of freedom for tailoring the final amplifier characteristics. In our case, an increase of TH4 layer thickness would result in an amplifier with higher gain but smaller spectral width, and vice versa.
We have further investigated the advantages of the laminated structure by numerical modeling. The method used is the Method of Lines, which has been applied before for the modeling of bent [31] and straight active waveguides [19] . The details of the method have been reported for various configurations [31] , [32] . Here, we have assumed copropagating pump and signal beams, with pumping at 980-nm wavelength. The basic principle consists of the discrimination of the amplifier lateral direction (x-axis) in lines of uniform refractive index. The direction of propagation is divided into independent steps whose gain is calculated by means of the rate equations, which, in this case, assume erbium to be a four-level system including ytterbium sensitization, as given by [31] 
The constants W ij and τ ij represent the transition rates and lifetimes, respectively, between levels i and j, whereas K 2 and K 3 are the cooperative upconversion constants from levels I 13/2 and I 9/2 . The ytterbium sensitization is described through levels 5 and 6, and the C up is the erbium-ytterbium interaction constant. Similarly, σ ij is the absorption cross section for the transition from level i to j. The cross sections of the metastable level were 6.1 × 10 −25 m 2 for the aluminosilicate and 4.2 × 10 −25 m 2 for the aluminophosphosilicate composition, as reported above. The calculation is followed until the final signal output is calculated at the amplifier's end. The parameters used for our simulations are shown in Table II [19] , [29] - [36] .
It was experimentally demonstrated that for a ratio r = 5 of aluminum to rare earth concentration, the level of erbium inversion observed was 25% for aluminosilicate composition TH1. An increase in the levels of aluminum doping is expected to increase the levels of homogeneity and, therefore, of erbium inversion. The expected performance (spectral width of the effective emission cross section and internal gain) of a 1-cmlong laminated amplifier, as a function of the inversion in the aluminosilicate layers, is shown in Fig. 10 . The parameters governing erbium populations for the aluminophosphosilicate layers are assumed constant, as reported in [19] . The levels of inversion of aluminosilicate levels are varied by means of the erbium upconversion constant (K 2 ). 10 shows that for erbium inversion of 25%, the internal gain is 0.4 dB, and the spectral ASE width is 25 nm, which is consistent with the experimentally measured values. Moreover, we can see that internal gain levels of approximately 1.4 dB/cm are expected with erbium inversion of 65%. It is therefore clear that the laminated amplifier can achieve similar gain levels to aluminophosphosilicate amplifiers, even when the level of homogeneity in aluminosilicate layers is low. This is a considerable advantage considering that high inversion levels are difficult to achieve in this glass host [3] , [16] - [18] . In this case, the spectral width of the laminated amplifier is 37 nm, as opposed to only 18 nm for the TH4 composition. The spectral advantages of laminated devices are more clearly demonstrated in Fig. 11 , where the spectral gains of the laminated and TH4 amplifiers are shown. It should be noted that the cost for higher amplification bandwidth in this case is an increase in the device noise figure. Calculations based on the spontaneous emission factor (high gain regime) reveal that the noise figure for a single core amplifier of TH4 composition is 3.8 dB, in contrast to 4.6 dB for a laminated amplifier. This degradation, however, could be considered a modest price to pay, given that a single core aluminosilicate composition with 65% inversion would display a noise figure of 6.4 dB.
V. CONCLUSION
A comparative study of a range of sol-gel amplifier compositions is presented in this paper. Spectroscopic characterization and fluorescence decay measurements reveal that even though phosphorus assists in the dissolution of erbium clusters, thus increasing the levels of erbium homogeneity, it significantly reduces the absorption cross section of rare earth ions and their available emission spectrum. To overcome this problem, a novel device consisting of multiple layers of aluminosilicate and aluminophosphosilicate glass hosts was fabricated. It is shown that such a device can achieve spectral characteristics that are difficult to obtain in a single composition core. Numerical simulations show that the available gain spectrum for WDM networks of a laminated amplifier is significantly increased in comparison with phosphorus codoped amplifiers, while maintaining equal levels of gain. The numerical results are further supported by experimental measurements, and good agreement is established.
